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HIGHLIGHTS 


.  13C  NMR  proved  cross-linking  reaction  between  biomass  and  PET  during  co-pyrolysis. 
.  Radical  effect  on  faster  thermal  degradation  PET  was  studied  upon  co-pyrolysis. 

•  ’H  NMR  revealed  evolution  of  radical  as  a  function  of  temperature  and  blend  ratio. 

•  Co-pyrolysis  samples  showed  higher  radical  density  than  single  pyrolysis  samples. 
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Co-pyrolysis  of  biomass  with  polyethylene  terephthalate  (PET)  was  studied  as  a  function  of  blend  ratio 
and  co-pyrolysis  temperature  by  13C  and  ’H  solid-state  nuclear  magnetic  resonance  (NMR).  The  13C 
NMR  spectra  showed  that  upon  heating  to  400  °C  in  presence  of  the  biomass,  the  formation  of  crystallites 
in  PET  was  completely  suppressed  and  that  at  higher  temperatures  there  was  increased  formation  and 
growth  of  the  polycyclic  aromatic  hydrocarbons  (PAHs).  This  change  in  the  PET  degradation  behaviour 
was  attributed  to  the  presence  of  radicals  formed  in  char  from  biomass.  The  measurement  of  the 
’H-Ti  relaxation  enabled  monitoring  the  changes  in  the  concentrations  of  radicals  formed,  as  a  function 
of  the  blend  ratios  and  the  co-pyrolysis  temperatures.  It  indicated  that  the  increase  in  the  radical  concen¬ 
trations  correlated  well  with  the  increased  degradation  of  the  PET  and  growth  of  PAHs. 

©  2014  Published  by  Elsevier  Ltd. 


1.  Introduction 

The  energy  recovery  of  biomass  and  plastics  through  pyrolysis 
has  been  extensively  highlighted  for  sustainable  development 
(Skreiberg  et  al.,  2011).  The  use  of  biomass  as  an  energy  source  is 
ubiquitous,  accounting  for  13%  of  worldwide  energy  consumption 
(Lai,  2005).  However  a  significant  fraction  of  biomass  is  landfilled 
or  burnt  in  the  field  every  year  (Sugumaran  and  Seshadri,  2009), 
which  causes  the  release  of  vast  quantities  C02  and  methane 
respectively.  Macadamia  nut  shell  and  coconut  shell,  which  are 
high  residue  crops,  are  among  the  major  contributors  to  biomass 
worldwide  (Rodrigues  et  al.,  2008;  Stephenson,  2005).  Coconut 
shell  and  macadamia  nut  shell  thus  form  a  ready  resource  for  uti¬ 
lization  into  functional  materials  in  ways  that  can  help  in  reducing 
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pressure  on  petroleum  based  products  as  well  as  offer  the  potential 
for  carbon  sequestration. 

In  the  case  of  plastics  which  currently  account  for  4%  of  the 
world  total  non-renewable  petroleum  consumption,  more  than 
50%  of  the  production  accounts  for  short-term  applications  dispos¬ 
able  applications.  PET  usage  stands  at  about  7%  of  the  thermoplas¬ 
tic  demand  or  approximately  50  million  tonnes  (Sheldon,  2014; 
Shen  et  al.,  2009),  of  which  very  little  is  recycled  (recycle  rate  for 
PET  is  less  than  10%  in  the  USA)  (Encinar  and  Gonzalez,  2008; 
Kuczenski  and  Geyer,  2010;  White  and  Hyde,  2011).  Thus  there 
is  an  urgent  need  for  developing  avenues  that  make  recycling 
waste  plastics  commercially  and  environmentally  more  attractive. 

Pyrolysis  (heating  of  the  material  under  inert  atmosphere 
between  300  °C  and  1000  °C)  is  a  widely  adopted  technique  for 
energy  conversion  of  solid  materials,  such  as  biomass,  plastics,  haz¬ 
ardous  and  medical  wastes  under  a  vacuum  or  inert  gas  environ¬ 
ment  for  the  production  of  gas,  liquid  and  solid  hydrocarbons  or 
other  valuable  chemical  feedstocks.  Pyrolysis  of  biomass  such  as 
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macadamia  nut  shell  (MNS)  and  coconut  shell  (CNS),  and  polymers 
such  as  polyethylene  terephthalate  (PET)  brings  about  significant 
changes  in  both  chemical  and  physical  properties  as  compared  to 
the  starting  material  (Ate§  et  al.,  2013).  The  residual  char  from 
the  pyrolytic  reaction  is  a  highly  porous  solid  carbonaceous  mate¬ 
rial  with  a  high  fixed  carbon  content.  This  char  can  have  multiple 
uses,  for  example  as  a  fuel  and  alternative  carbon  source  for  elec¬ 
trode  or  activated  carbon  (ACs)  manufacture  (Gonzalez  et  al., 
2009)  and  for  removal  of  impurities  from  gaseous  and  liquid 
streams  (Li  et  al.,  2008;  Tam  et  al.,  2001).  In  particular  the  biomass- 
and  plastics-based  ACs  have  been  shown  to  yield  superior  electro¬ 
chemical  properties  as  compared  with  those  of  graphite  when  heat 
treated  below  1000  °C  (Freitas  et  al.,  2001). 

The  composition  and  distribution  of  the  pyrolytic  product 
(solid,  liquid  and  gas  phase  products)  relies  strongly  on  the  compo¬ 
sition  of  the  raw  materials  (Ate§  et  al.,  2013),  the  heating  rates, 
maximum  reaction  temperature  and  reactant/products  residence 
time  (Lin  et  al.,  2009).  Co-pyrolysis  of  biomass  with  synthetic  poly¬ 
mers  has  been  known  to  alter  the  thermal  degradation  behaviour 
as  compared  with  pure  materials  and  yield  different  compositions 
of  pyrolytic  products.  This  change  in  the  degradation  behaviour 
and  product  profile  has  been  attributed  to  a  synergistic  effect 
between  the  biomass-derived  char  and  the  hydrocarbon  com¬ 
pounds  from  the  polymer  degradation.  The  formation  of  radicals 
on  biomass  plays  an  important  role  for  the  synergistic  enhance¬ 
ment  of  char  formation  by  affecting  other  carbon  structures  in 
the  process  of  co-pyrolysis  (Balat,  2008;  Ko  et  al.,  2014).  As  heat 
treatment  temperature  increases  (>550  °C),  the  radicals  and  the 
presence  of  high  concentrations  of  polymerisation  sites  act  to  com¬ 
pletely  carbonise  the  material.  A  continuous  cross-linking  reaction 
leads  to  the  growth  of  polycyclic  aromatic  hydrocarbons  (PAHs)  by 
means  of  intermolecular  and  intramolecular  aromatic  condensa¬ 
tion  (Faravelli  et  al.,  2010). 

Despite  the  importance  of  pyrolysis  process  as  a  means  of  trans¬ 
forming  waste  products  into  potentially  high  value  materials,  no 
significant  investigation  into  the  complex  reaction  mechanisms 
and  molecular  transformations  has  been  carried  out.  To  date  the 
primary  focus  of  research  in  this  area  has  been  to  understand  the 
influence  of  operating  parameters  such  as  heating  rate,  particle 
size  and  gas  conditions  in  order  to  maximise  tar  formation.  In  par¬ 
ticular  the  synergistic  effects  to  maximize  char  formation  and  the 
variation  of  the  radical  concentration  during  co-pyrolysis  have 
not  been  systematically  studied. 

The  solid-state  NMR  technique  enables  direct  analysis  of  pyroly- 
sis-char  chemical  structure  and  the  radical  species  formed.  13C  NMR 
is  sensitive  to  the  local  environment  of  the  carbon  species  and 
correlates  the  evolution  of  chemical  structure  to  the  pyrolysis  tem¬ 
perature.  Additionally,  paramagnetic  radical  formation  during  pyro¬ 
lysis  influences  the  ’H-Tj  relaxations,  which  can  therefore  be  used 
to  probe  relative  concentrations  and  distributions  of  the  radical  spe¬ 
cies  in  the  char  residue  (Barton  and  Lynch,  1989).  Here  the  structural 
evolution  of  the  char  by  hydrogen  transfer  and  cross-linking  reac¬ 
tions  has  been  informed  by  13C  NMR  spectroscopy,  and  changes  in 
the  temperature  and  blending  ratio  during  co-pyrolysis  are  shown 
to  result  in  very  different  concentration  and  distribution  of  radicals. 
These  results  yield  insights  into  the  synergistic  effect  enhancing 
char  formation  as  well  as  the  influence  of  relatively  subtle 
differences  in  substantially  changing  the  extent  of  char  formation. 


2.  Methods 

2.3.  Sample  preparation 

Two  biomass  samples  (B)  which  are  macadamia  nut  shell  (MNS) 
and  coconut  shell  (CNS)  were  ground  into  a  powder  using  knife 


milling,  and  PET  was  ground  using  cryomill  at  25  Hz  for  6  min. 
After  grinding,  the  MNS  and  CNS  were  dried  at  60  °C  for  four  days 
to  remove  unwanted  moisture,  and  then  the  samples  were 
physically  mixed  at  a  various  blending  ratios,  B8o/P2o,  B50/P50  and 
B20/P8o.  The  weight  of  sample  was  fixed  at  0.75  g.  The  samples 
were  heat-treated  non-isothermally  at  a  heating  rate  of  3  °C/min 
up  to  three  different  temperatures,  400  °C,  450  °C  and  500  °C  under 
nitrogen  atmosphere  flowing  at  the  rate  of  1  L/min.  Maximum  heat 
treatment  temperature  (HIT)  of  all  samples  was  strictly  limited  to 
500  °C  due  to  increase  in  conductivity  and  the  occurrence  of  a  max¬ 
imum  radical  concentration  in  the  material  (Antal  and  Gronli, 
2003;  Freitas  et  al.,  2001).  Char  samples  were  prepared  with  a  hor¬ 
izontal  furnace  which  can  be  encased  by  a  specially  designed  vac¬ 
uum  bag.  At  the  end  of  pyrolysis,  the  samples  were  moved  into  the 
cool  zone  of  the  tube  furnace  and  allowed  to  cool  for  thirty  minutes 
under  flowing  nitrogen.  Upon  cooling,  the  furnace  was  encased  by 
the  vacuum  bag,  which  was  then  flushed  twice  with  argon.  To  col¬ 
lect  the  as-heat  treated  char,  the  vacuum  bag  was  used  to  suppress 
the  contact  of  oxygen  and  moisture  with  the  char.  Collecting  as- 
heat  treated  sample  without  exposing  to  oxygen  and  moisture  in 
normal  atmosphere  is  critical  due  to  alteration  of  the  proton  relax¬ 
ation  behaviour  by  oxygen  and  moisture  (Barton  and  Lynch,  1989). 
The  sealed  furnace  was  then  opened  under  a  positive  pressure  of 
argon,  the  sample  taken  out  from  the  crucible  and  manually 
ground  into  powder.  The  samples  were  packed  into  4  mm  zirconia 
MAS  rotors  with  airtight  kel-F®  caps.  All  analysis  was  carried  out 
within  10  min  after  packing. 

2.2.  ,3C  CP-TOSS  and  solid  state  NMR  experiments 

All  NMR  experiments  were  carried  out  using  a  BRUKER  AVANCE 
III  300  spectrometer  operating  at  ’H  NMR  frequency  of  300  MHz 
and  13C  NMR  frequency  of  75  MHz  at  room  temperature.  All  sam¬ 
ples  were  finely  ground  in  the  vacuum  bag  and  about  80  mg  of 
each  sample  was  packed  into  a  4  mm  zirconia  MAS  rotor  with  a 
kel-F®  caps.  The  MAS  rotors  were  inserted  into  a  4  mm  H-X  double 
resonance  MAS  probhead  and  spun  at  8-12  kHz.  90°  pulse  lengths 
of  4  ps  and  3.5  ps  were  employed  for  the  13C  and  'H  channels 
respectively.  13C  CPMAS  experiments  were  acquired  at  8  kHz 
MAS  with  a  1  ms  cross  polarization  contact  time.  The  TOSS  (Total 
Suppression  of  Spinning  Sidebands)  scheme  was  implemented 
before  detection  of  the  13C  signal  and  the  Spinal-64  scheme  with 
a  field  strength  of  70  kHz  was  used  for  ]H  decoupling  during  detec¬ 
tion.  The  'H-Ti  measurements  were  carried  out  at  12  1<Hz  MAS 
with  a  saturation  recovery  pulse  using  fifty  periods  of  200  ps  each 
to  saturate  ’H  magnetization  followed  by  a  variable  period  for  the 
recovery  of  the  'H  magnetization. 

2.3.  Calculations 

2.3.1.  Extracting  relaxation  constants  from  1 H  NMR  for  analysing  the 
radical  concentration 

Generally  a  single-phase  model  can  be  applied  to  the  char  'H-Ti 
relaxation  due  to  structural  homogeneity.  However  the  proton 
relaxation  within  this  single  phase  is  driven  either  by  the  radicals 
present  in  the  system  (faster  relaxation)  or  by  proton-proton  spin 
diffusion  process  to  sites  in  the  vicinity  of  the  radical  species 
(slower  relaxation)  (Barton  and  Lynch,  1989). 

Thus  for  all  char  samples,  the  ’H  saturation  recovery  behaviour 
can  be  closely  fitted  by  the  sum  of  two  exponential  factors,  as  writ¬ 
ten  below; 

y  =  Mx/M0  =  1  -  A;(e~Klt' )  -  As(e~~x/t2 )  (1 ) 

where  Mx  and  M0  are  the  recovered  magnetisation  after  a  recovery 
time  x  (preceded  by  a  saturation  period  of  50  x  200  ps)  and  the 
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equilibrium  magnetisation,  respectively,  tj  and  t2  are  the  relaxation 
time  constants  for  the  fast  and  slow  relaxing  components  (by  defi¬ 
nition  fi  <  t2),  while  Af  and  As  (by  definition,  Af+As  =  1 )  are  the  frac¬ 
tions  of  ’H  species  with  the  fast  (tr)  and  slow  (f2)  Ti  relaxation 
respectively.  The  use  of  a  bi-exponential  fitting  instead  of  a 
stretched  exponential  is  relevant  for  systems  with  a  fast  spin  diffu¬ 
sion  constant  such  as  the  strongly  dipolar  coupled  systems  at  mod¬ 
erate  MAS  speeds  (Panich  and  Furman,  2012).  The  overall  T! 
relaxation  behaviour  of  the  samples  can  be  defined  using  the  fol¬ 
lowing  equation: 

T?1  =  Af/U  +As/t2  (2) 

The  parameters  T^1  and  Af  describe  the  observed  the  proton 
relaxation  behaviour  of  heat  treated  samples  used  in  this  study. 
The  overall  relaxation  constant  T^1  is  more  reliable  than  the  indi¬ 
vidual  component  parameters  (A/ and  As)  (Barton  and  Lynch,  1989). 
The  summary  of  the  'H-Tt  relaxation  constants  are  tabulated  in 
Tables  1-3. 

3.  Results  and  discussion 

3.7.  Thermal  degradation  of  the  neat  MNS,  CNS  and  PET 

The  composition  and  chemical  structure  of  MNS,  CNS  and  PET 
has  previously  been  studied  in  detail  (Antal  et  al.,  2000;  Maxwell 
et  al.,  1998;  Preston  and  Sayer,  1992).  The  13C  CPMAS  spectra  of 
as-received  MNS,  CNS  and  PET  are  shown  in  Fig.  SI  (a),  (e)  and  (i) 
respectively.  For  MNS  and  CNS,  the  spectra  represent  signals  corre¬ 
sponding  to  three  main  carbon  components  in  biomass  which  are 
hemicellulose  (peaks  at  20.5  ppm  and  172  ppm  corresponding  to 
the  acetyl  group),  cellulose  (peaks  between  50  and  90  ppm  pre¬ 
dominantly  belonging  to  oxygenated  aliphatics  from  cellulose 
and  some  hemicellulose)  and  the  lignin  (peaks  between  110  and 
165  ppm  associated  with  aromatic,  substituted  aromatic  and  phe¬ 
nolic  carbons)  (Bardet  et  al.,  2007;  Freitas  et  al.,  2001 ).  However  an 
important  distinction  between  as-received  MNS  and  CNS  is  that 
the  CNS  has  a  lower  fraction  of  lignin  as  compared  to  the  MNS.  This 
is  evident  from  the  reduced  intensity  of  the  lignin  peaks  in 
Fig.  Sl(e)  as  compared  to  Fig.  SI  (a).  In  comparison  to  the  multi- 
component  spectrum  of  MNS  and  CNS,  the  13C  NMR  spectrum  of 
the  raw  PET  shows  a  simpler  spectrum  as  expected  for  a  synthetic 
organic  polymer  (PET  peaks  at  163  ppm  for  the  ester  carbonyl, 
133.5  ppm  for  the  un-protonated  aromatic  carbon,  130  ppm  for 
the  protonated  carbon  and  61.5  ppm  for  the  aliphatic  carbon) 
(Maxwell  et  al.,  1998;  Suebsaeng  et  al.,  1984).  The  as-received 
PET  also  shows  signals  of  the  amorphous  domains  which  are  visi¬ 
ble  as  broad  shoulders  at  167  ppm  and  64  ppm. 

13C  CPTOSS  spectra  of  neat  MNS,  pyrolysed  at  400  °C,  450  °C  and 
500  °C  with  a  heating  rate  of  3  °C/min  are  shown  in  Fig.  Sl(b)-(d) 
respectively.  At  400  °C,  MNS  is  already  significantly  degraded.  In 
particular  the  cellulose  and  hemicellulose  which  have  relatively 
less  thermal  stability  are  completely  degraded.  This  effect  is  seen 
by  the  complete  absence  of  cellulosic  and  hemicellulosic  peak  in 
Fig.  Sl(b).  This  degradation  accounts  for  the  major  part  of  the 
weight  loss  for  temperatures  up  to  400  °C.  On  the  other  hand  the 
signal  of  the  methoxyl  group  corresponding  to  the  pendant  group 


on  aromatic  structures  in  lignin  is  still  observed  at  55  ppm,  which 
indicates  that  while  the  cross  linked  structure  of  the  lignin  may  be 
degrading,  at  temperatures  of  around  400  °C,  major  reorganisation 
of  the  lignin  into  extensive  fused  aromatic  ring  type  char  structure 
is  yet  to  occur.  In  addition,  13C  CPTOSS  spectra  of  the  MNS  pyroly¬ 
sed  at  400  °C  (Fig.  Sl(b))  shows  an  increase  in  the  signal  intensity 
of  the  aromatic  carbon  peaks  between  130  ppm  and  150  ppm 
along  with  the  appearance  of  an  aldehyde  or  ketone  signal  at 
200  ppm.  These  changes  indicate  the  formation  of  aromatic  struc¬ 
tures  from  the  degradation  products.  It  is  interesting  to  note  that 
an  identical  effect  is  seen  for  the  case  of  the  as  received  MNS  and 
CNS  pyrolysed  at  400  °C  (Fig.  SI (b)  and  (f)  respectively)  with  the 
CNS  char  being  structurally  identical  to  the  char  from  the  MNS. 
Even  though  the  CNS  had  a  lower  content  of  lignin  as  compared 
to  the  MNS,  during  single  pyrolysis  of  the  biomass,  the  varying 
fractions  of  lignin,  cellulose  and  hemicellulose  do  not  seem  to  sig¬ 
nificantly  influence  the  structure  of  the  char  residue.  This  can  be 
attributed  to  the  fact  that  above  ca.  350  °C,  there  is  complete  deg¬ 
radation  of  the  cellulose  and  hemicellulose  leaving  only  lignin 
behind.  Since  lignin  in  both  CNS  and  MNS  has  very  nearly  identical 
chemical  structure,  its  pyrolysis  into  char  should  yield  isostructur- 
al  char. 

The  predominant  component  remaining  in  the  biomass  char  at 
400  °C  are  the  aromatic  carbons  which  originated  from  the  lignin 
structure  and  the  condensation  of  the  degradation  products  from 
cellulose  and  hemicellulose.  The  char  has  aromatic  carbon  resonances 
at  126.5  ppm  and  147  ppm  which  correspond  to  the  non-oxygenated 
and  oxygenated  (phenolic)  aromatic  carbons,  respectively.  Addi¬ 
tionally  there  is  a  significant  signal  in  the  aliphatic  resonance 
between  0  ppm  and  40  ppm  for  the  biomass  chars  at  400  °C  which 
corresponds  to  the  residual  low  molecular  weight  tar  formed  from 
the  degradation  of  the  cellulose  and  hemicellulose. 

There  are  two  path  ways  to  produce  char  from  lignocellulose 
materials:  the  primary  and  the  secondary  reaction.  The  primary 
reaction  mechanism  involves  formation  of  radicals  on  the  lignin 
aromatic  species  followed  by  intermolecular  and  intramolecular 
aromatic  condensation,  resulting  in  increasing  molecular  weight 
PAHs.  During  the  secondary  reaction,  the  active  sites  on  the  surface 
of  the  char  formed  during  the  primary  reaction  act  as  a  catalyst  to 
decompose  tar  into  coke  in  the  char  layer  (Faravelli  et  al.,  2010; 
Neves  et  al.,  2011;  Sharma  et  al.,  2004).  There  is  a  clear  progress 
of  carbonisation  of  the  biomass  with  increasing  heat  treatment 
temperatures,  showing  the  evolution  of  aliphatic  groups  from  ori¬ 
ginal  lignocellulosic  components  towards  aromatic  carbon  struc¬ 
ture  (Bardet  et  al.,  2007;  Freitas  et  al.,  2001).  At  a  pyrolysis 
temperature  of  450  °C,  the  degradation  of  the  aliphatic  component 
of  lignin  is  accelerated  as  observed  by  the  reduction  in  intensity  of 
the  methoxy  peak  at  57  ppm  in  Fig.  Sl(c)  and  (g)  (for  the  MNS  and 
CNS  respectively).  Additionally  there  is  a  reduction  in  the  intensity 
of  oxygenated  aromatic  carbon  peak  at  147  ppm  as  well  as  the 
aldehyde/ketone  signal  at  200  ppm.  This  indicates  that  there  is  a 
progressive  depletion  of  lignin  structure  leading  to  char  formation 
with  increasing  aromatic  character  at  this  temperature.  As  the 
pyrolysis  temperature  is  increased  to  500  °C,  the  MNS  and  CNS 
show  identical  13C  CPTOSS  spectra  (Fig.  Sl(d)  and  (h)  respectively) 
which  are  dominated  by  the  aromatic  peak  at  126.5  ppm.  This  is 


Table  1 

The  summary  of  the  proton  relaxing  constants  for  raw  PET,  raw  MNS  and  raw  CNS.  In  all  cases,  Af  and  As  are  the  fractions  of  the  material  with  fast  and  slow  H-T  relaxations 
respectively. 


Sample 

Af 

As 

hA  (ms) 

tiB  (ms) 

TT1 (s  >) 

Unheat  treated 

PET 

1 

- 

5623  ±19 

- 

0.17  ±0.0005 

MNS 

0.13  ±0.01 

0.86  ±  0.01 

320  ±50 

2292  ±55 

0.79  ±  0.04 

CNS 

0.10  ±0.02 

0.89  ±  0.02 

1236  ±19 

4187  ±564 

0.29  ±  0.01 
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Table  2 

The  summary  of  the  proton  relaxing  constants  for  100  wt.%  of  PET,  MNS  and  CNS  respectively,  heat  treated  at  3  °C/min. 


Sample 

Temperature  (°C) 

A, 

21s 

t,A  (ms) 

t ib  (ms) 

tt1 (s-1) 

1 00  wt.% 

400 

0.28  ±  0.03 

0.71  ±  0.03 

175  ±22 

1041  ±49 

2.29  ±  0.09 

MNS 

450 

0.61  ±  0.02 

0.38  ±  0.02 

112  ±  5 

421  ±12 

6.34  ±0.14 

500 

0.77  ±  0.04 

0.22  ±  0.04 

63  ±7 

177  ±5 

12.31  ±0.99 

1 00  wt.% 

400 

0.27  ±  0.03 

0.72  ±  0.03 

295  ±  25 

1093  ±37 

1.59  ±0.02 

CNS 

450 

0.68  ±  0.04 

0.31  ±0.04 

151  ±10 

375  ±10 

5.35  ±0.16 

500 

0.75  ±  0.03 

0.24  ±  0.03 

101  ±10 

198  ±9 

8.63  ±  0.65 

1 00  wt.% 

400 

1 

_ 

8310  ±  210 

_ 

0.12  ±0.002 

PET 

450 

1 

- 

6362  ±  39.7 

- 

0.157  ±0.0005 

500 

1 

- 

324  ±11 

- 

3.08  ±  0.09 

Table  3a 

The  summary  of  the  proton  relaxing  constants  for  MNS- 

-PET  blends  heat  treated  at  3  °C/min. 

Sample 

Temperature  (°C) 

Af 

As 

hA  (ms) 

t,B  (ms) 

TT1 (s-1) 

M80/P20 

400 

0.26  ±  0.02 

0.73  ±  0.02 

257  ±25 

1299  ±46 

1.58  ±0.05 

450 

0.46  ±  0.03 

0.53  ±  0.03 

152  ±  6 

474  ±15 

4.16  ±0.02 

500 

0.82  ±  0.06 

0.17  ±0.06 

63  ±14 

187  ±6 

13.9  ±2.4 

M50/P50 

400 

0.25  ±  0.01 

0.74  ±  0.01 

313  ±  20 

1901  ±40 

1.20  ±0.03 

450 

0.28  ±  0.02 

0.71  ±  0.02 

190  ±8 

644  ±6 

2.58  ±  0.01 

500 

0.85  ±  0.04 

0.14  ±0.04 

79  ±13 

228  ±7 

11.4  ±  1.5 

M20/P80 

400 

0.10  ±0.01 

0.89  ±  0.01 

931  ±204 

7275  ±180 

0.22  ±  0.01 

450 

0.21  ±0.02 

0.78  ±  0.02 

781  ±63 

3532  ±85 

0.499  ±  0.007 

500 

0.78  ±  0.01 

0.21  ±  0.01 

131  ±3 

380  ±2 

6.56  ±  0.09 

Table  3b 

The  summary  of  the  proton  relaxing  constants  for  CNS- 

-PET  blends  heat  treated  at  3  °C/min. 

Sample 

Temperature  (°C) 

A, 

As 

hA  (ms) 

Ub  (ms) 

Tr1 (s-1) 

Q0/P20 

400 

0.26  ±  0.02 

0.72  ±  0.02 

438  ±  20 

1317  ±  20 

1.16  ±0.01 

450 

0.39  ±  0.06 

0.6  ±  0.06 

214  ±  18 

577  ±29 

2.86  ±  0.03 

500 

0.84  ±  0.06 

0.15  ±0.06 

108  ±6 

303  ±5 

8.27  ±  0.02 

C50/P50 

400 

0.28  ±  0.03 

0.71  ±  0.03 

1019  ±65 

2738  ±  76 

0.53  ±  0.006 

450 

0.37  ±  0.03 

0.62  ±  0.03 

231  ±25 

754  ±140 

2.42  ±  0.2 

500 

0.78  ±  0.04 

0.21  ±  0.04 

136  ±3 

316  ±  28 

6.39  ±  0.03 

C20/P80 

400 

0.13  ±0.007 

0.86  ±  0.007 

1147  ±57 

5051  ±37 

0.283  ±  0.001 

450 

0.37  ±  0.02 

0.62  ±  0.02 

747  ±  26 

2316  ±50 

0.76  ±  0.005 

500 

0.76  ±  0.08 

0.23  ±  0.08 

236  ±12 

660  ±  24 

3.60  ±  0.04 

because  the  difference  in  composition  of  the  components  does  not 
affect  final  chemical  structure  of  char  (Bardet  et  al.,  2007). 

In  the  case  of  PET  the  13C  NMR  shows  that  there  is  a  difference 
in  the  thermal  degradation  process  and  the  resulting  structures  as 
compared  with  that  of  the  biomass  due  to  the  very  different  chem¬ 
ical  structure  of  the  PET.  Primary  degradation  of  PET  is  attributed 
to  initiating  breakage  of  the  less  thermally  stable  ester  carboxyl 
bond  in  the  main  chain  by  random  scission  (Suebsaeng  et  al., 
1984).  This  is  seen  clearly  by  comparing  the  13C  CPTOSS  spectra 
of  the  unheated  PET  to  the  PET  heated  to  400  °C  (Fig.  Sl(i)  and  (j) 
respectively),  which  are  identical  except  for  the  reduction  in  the 
relative  intensity  of  the  ester  carbonyl  signal  at  163  ppm.  With 
increasing  heat  treatment  temperature  up  to  450  °C,  there  is  a 
rapid  decrease  in  the  intensity  of  aliphatic  carbon  and  ester  car¬ 
bonyl  signals  and  the  splitting  of  two  aromatic  resonances  in  two 
well  defined  peaks  is  no  longer  observed  as  seen  in  Fig.  Sl(k).  In 
addition,  the  complete  breakdown  of  the  crystalline  domains 
occurs  as  seen  by  the  disappearance  of  the  sharp  peaks  and  the 
appearance  of  broad  lineshapes.  When  the  heat  treatment  temper¬ 
ature  is  increased  to  500  °C  (Fig.  SI (1)),  the  NMR  indicates  a  very 
different  structure  for  the  PET  char  as  compared  to  the  biomass 
char.  There  are  no  peaks  observed  corresponding  to  the  aliphatic 
and  ester  carbonyl  peaks,  while  new  peaks  arising  at  near 
140  ppm  corresponding  to  quaternary  aromatic  carbons  and  a  peak 


at  127  ppm  associated  with  protonated  aromatic  carbons  are 
observed  (Freitas  et  al.,  2001;  Suebsaeng  et  al.,  1984).  In  conse¬ 
quence,  the  series  of  reactions  results  in  a  highly  crosslinked  poly¬ 
mer  char.  Additionally  the  NMR  signal  of  the  PET  char  at  500  °C  is 
much  narrower  than  that  of  the  biomass  char,  indicating  a  more 
homogeneous  chemical  structure  for  the  PET  char  as  compared 
to  the  biomass  char. 

The  13C  NMR  shows  a  clear  progress  of  carbonisation  of  the  bio¬ 
masses  and  the  PET  with  increasing  heat  treatment  temperatures. 
During  pyrolysis,  around  95  wt.%  of  cellulose  can  be  volatilized 
yielding  small  amounts  of  fixed  carbon  (<5  wt.%)  (Lin  et  al.,  2009; 
Shen  et  al.,  2010;  White  et  al.,  2011).  This  is  due  to  the  linear  chain 
structure  of  cellulose,  which  undergoes  rapid  degradation  over  a 
very  narrow  temperature  range  (300-380  °C).  In  contrast,  lignin 
consisting  of  a  complex  network  of  cross-linked  aromatic  mole¬ 
cules,  degrades  over  a  wide  temperature  range  (200-900  °C). 
Therefore  as  compared  to  cellulose  and  hemicellulose,  lignin  is 
more  difficult  to  break  down  into  small  molecules  thereby  produc¬ 
ing  more  residual  char  (Mohan  et  al.,  2006;  White  et  al.,  201 1 ).  The 
development  of  the  aromatic  char  structure  in  the  PET  follows  a 
more  specific  pathway  of  ester  bond  degradation  and  recondensa¬ 
tion  of  the  low  molecular  weight  aromatic  moieties.  The  char  for¬ 
mation  has  a  large  influence  on  altering  the  thermal  degradation 
mechanism.  This  is  because  the  char  formation  suppresses  other 
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reactions  forming  the  volatile  tar  and  results  in  reducing  the 
amount  of  tar  available.  The  thermal  degradation  of  cellulose,  as 
an  example,  eventually  forms  volatiles  through  a  series  of  reactions 
due  to  absence  of  cross-linking  sites  in  the  cellulose.  Aromatic 
rings  on  the  other  hand,  act  as  building  blocks  allowing  for  pro¬ 
longed  residence  time  of  volatile  fragments  to  be  stabilised  and 
evolved  towards  the  char.  In  addition,  the  elimination  of  small 
molecules,  and  then  subsequent  dehydrogenation  upon  pyrolysis 
results  in  forming  aromatic  radicals  leading  to  the  growth  in  PAHs 
structure  (Grand  and  Wilkie,  2000). 

3.2.  Thermal  degradation  of  biomass-PET  blends 

The  13C  NMR  spectra  of  the  pyrolysed  biomass-PET  blends 
show  that  the  predominant  structural  changes  due  to  the  co-pyro- 
lysis  occur  within  the  PET  fraction  of  the  blends  and  not  the  bio¬ 
mass  fractions  (refer  Supplementary  Figs.  S4  and  S5  for  the  total 
un-subtracted  spectra  of  the  pyrolysed  blend  samples.  Fig.  S6(a) 
and  (b)  demonstrate  that  co-pyrolysis  primarily  affects  PET  and 
not  the  biomass.)  This  effect  can  be  attributed  to  the  fact  that 
although  the  PET  has  a  higher  degradation  temperature  than  the 
biomass,  it  melts  at  ca.  265  °C  (Villain  et  al.,  1994),  while  the  bio¬ 
mass  does  not  melt  at  all.  Due  to  its  molten  state  above  250  °C,  it 
is  expected  that  the  PET  fraction  comes  into  closer  contact  with 
the  biomass  fraction  potentially  wetting  its  surface,  as  well  as 
becoming  permeable  to  the  early  degradation  products  from  the 
biomass.  It  is  hypothesized  that  the  surface  radical  species  on  the 
biomass  char  and  the  radicals  from  the  low  molecular  weight  tar 
then  enhance  the  degradation  of  the  PET  (Khan  et  al.,  2005).  On 
the  other  hand  since  the  biomass  carbonizes  before  the  PET,  the 
PET  degradation  does  not  have  any  observable  effect  on  the  struc¬ 
ture  and  degradation  of  the  biomass.  The  spectroscopic  advantage 
of  this  specific  one  way  effect  is  that  we  can  subtract  out  the  con¬ 
tribution  of  the  biomass  to  the  NMR  spectrum  of  the  blend  sample, 
using  the  13C  NMR  spectrum  of  the  neat  pyrolysed  biomass  (as 
shown  in  Supplementary  Fig.  S6).  This  yields  the  NMR  signal  of 
only  the  PET  fraction  within  the  blend  which  is  plotted  in 
Figs.  S2  and  S3  for  the  CNS-PET  and  MNS-PET  blends  respectively. 
These  spectra  show  the  effect  of  the  co-pyrolysis  on  the  PET  as  a 
function  of  the  co-pyrolysis  temperature  and  the  blend  ratio.  In 
the  case  of  both  the  CNS-PET  and  MNS-PET  blends,  the  extent  of 
PET  degradation  increases  with  the  pyrolysis  temperature  as 
expected  in  a  manner  similar  to  that  seen  in  the  neat  PET  material 
(Fig.  Sl(i)-(1)).  However  in  the  case  of  the  blends  there  is  also 
increased  degradation  of  the  PET  with  increase  in  the  biomass  con¬ 
tent  of  the  blend,  which  is  consistent  with  the  influence  of  the 
increased  concentrations  of  biomass  degradation  products  on  the 
PET.  Thus  at  the  lower  temperature  (400  °C),  the  13C  NMR  spec¬ 
trum  of  the  PET  in  the  C20P80  and  M20P8o  blend  is  very  similar  to 
that  of  the  neat  PET  (Compare  Figs.  S2(g)  and  S3(g)  to  Fig.  S1(J)). 
However  in  the  blends  with  50  wt.%  and  80  wt.%  biomass,  the 
PET  spectra  look  very  different.  Specifically,  we  no  longer  observe 
the  sharp  crystalline  PET  domains  and  there  is  a  reduction  in  the 
relative  intensity  of  the  protonated  aromatic  peak  at  129  ppm  as 
seen  in  Figs.  S2(a)  and  S2(d)  for  the  CNS-PET  blends  and  S3(a) 
and  S3(d)  for  the  MNS-PET  blends.  This  indicates  that  even  at 
the  lower  temperature,  presence  of  biomass  (above  20  wt.%), 
causes  degradation  and  aromatic  condensation  of  the  PET  to  the 
extent  that  it  is  unable  to  crystallize. 

At  elevated  temperatures  of  450  °C  and  500  °C,  the  effect  is 
much  more  dramatic.  We  compare  the  spectra  in  Fig.  S2(a),  (d) 
and  (g),  for  the  specific  case  the  CNS-PET  blends  heated  to 
400  °C.  The  increased  level  of  PET  degradation  is  evidenced  by 
the  broadening  of  the  PET  aromatic,  aliphatic  and  carbonyl  peaks. 
At  increased  temperatures  of  450  °C,  in  addition  to  the  peak  broad¬ 
ening  enhanced  reduction  in  the  intensity  of  the  aliphatic  and 


carbonyl  peaks  is  observed  with  increasing  biomass  fraction.  In 
particular,  for  the  80  wt.%  biomass  blends  heated  to  450  °C, 
(Fig.  S2(b)  for  C80P20  and  Fig.  S3(b)  for  M80P20)  the  carbonyl  and  ali¬ 
phatic  species  have  almost  completely  reacted  leaving  behind 
mainly  the  aromatic  species,  indicating  that  the  PET  has  almost 
completely  degraded  to  form  char.  Upon  further  increasing  the 
pyrolysis  temperature  to  500  °C,  there  is  no  significant  difference 
in  the  PET  char  structure  between  the  80  wt.%  and  50  wt.%  biomass 
blends,  with  effectively  uniformly  broad  aromatic  peaks  observed. 
The  PET  char  structure  in  the  20  wt.%  blend  (Fig.  S2(i)  and  S3(i)  for 
the  CNS  and  MNS  blends  respectively)  however,  still  resembles 
that  of  neat  PET  char  (Fig.  ST (i)),  which  indicates  that,  at  the  lower 
concentrations  of  biomass,  there  is  insufficient  interaction 
between  the  PET  and  primary  char. 

The  13C  NMR  spectra  of  the  blends  heat  treated  at  450  °C  reveals 
a  broad  and  intense  resonance  raised  between  130  ppm  and 
140  ppm  indicating  the  growth  of  PAHs,  which  is  the  result  of 
the  radical  induced  degradation  and  crosslinking  of  the  PET  with 
the  biomass  char.  The  signal  intensity  of  newly  formed  PAHs 
decreases  with  an  increase  in  weight  fraction  of  PET.  Since  the  for¬ 
mation  of  PAHs  is  more  affected  by  increase  in  surface  area  than 
degree  of  aromaticity  (Sharma  et  al.,  2004),  the  growth  of  PAHs 
is  favoured  by  PET  co-pyrolysed  with  increasing  weight  fraction 
of  biomass  providing  more  sites  for  the  PET  to  cross-link  with 
the  char  from  biomass.  It  must  be  highlighted  that  aromatic  carbon 
is  resistant  to  high  temperatures,  and  a  thermally  stable  system. 
The  currently  observed  result  is  very  different  from  the  co-pyroly- 
sis  of  biomass  with  polyolefinic  polymers,  such  as  polyethylene 
and  polypropylene,  where  only  hydrogen  interaction  occurs  and 
results  in  high  yield  of  tar  (Ko  et  al.,  2014). 

3.3.  ‘H  NMR  experiments  for  radical  analysis 

It  has  previously  been  shown  that  in  chars  pyrolysed  at  low 
temperatures,  the  effective  interaction  range  (r)  of  unpaired  elec¬ 
trons  is  small  compared  to  the  distance  between  the  unpaired  elec¬ 
trons  (R)  due  to  their  lower  concentrations  in  the  char  (Barton  and 
Lynch,  1989).  As  a  result,  fast  ’H-Ti  relaxation  occurs  for  a  minor¬ 
ity  of  protons  in  the  immediate  vicinity  (r)  of  the  unpaired  electron, 
while  the  bulk  of  the  protons  which  are  at  an  intermediate  distance 
(d),  where  r<  d  <  R,  have  a  slow  Tt  relaxation.  As  the  heat  treat¬ 
ment  proceeds  the  concentration  of  unpaired  electrons  in  the  char 
increases  to  the  point  where  r  «  R.  At  this  stage  the  bulk  of  the  pro¬ 
tons  in  the  char  are  within  the  effective  interaction  range  and  as  a 
result  faster  overall  Ti  relaxation  values  are  observed  at  the  higher 
temperatures  (Barton  and  Lynch,  1989).  Thus,  the  ’H-Ti  relaxation 
measurement  acts  as  a  unique  indicator  to  monitor  the  formation, 
evolution  and  stabilization  of  radical  species  during  pyrolysis. 

In  the  present  case  of  co-pyrolysed  biomass  and  PET,  we  expect 
interactions  between  the  components  degrading  at  different  tem¬ 
peratures  to  influence  the  overall  radical  formation  and  stabiliza¬ 
tion  which  can  be  detected  by  ’H-T!  measurements. 

The  'H-Ti  relaxation  data  of  the  neat  and  co-pyrolysed  materi¬ 
als  were  fitted  to  a  bi-exponential  behaviour  to  account  for  the 
multi-component  nature  of  the  materials  (Tables  1-3).  In  the  case 
of  neat  PET,  which  is  structurally  homogeneous,  the  ’H-Ti  relaxa¬ 
tion  behaviour  is  fit  by  a  single  exponential  at  all  temperatures 
(Table  2).  In  comparison  the  MNS  and  the  CNS,  show  strong  bi¬ 
exponential  behaviour  at  all  temperatures  due  to  the  structurally 
distinct  cellulose  and  lignin  phases  in  the  biomass  (Table  2).  The 
bi-exponential  fits  to  the  1  H-T,  relaxation  data  also  yield  the  frac¬ 
tions  of  slow  (As)  and  fast  (A/)  relaxing  components  with  corre¬ 
sponding  relaxation  times  Tis  and  T y.  In  the  unheated  materials 
As  refers  to  the  rigid  crystalline  cellulose  component,  while  Af 
refers  to  the  amorphous  and  dynamically  mobile  species.  However 
in  the  case  of  chars  where  the  radicals  drive  the  Tt  relaxation,  As 
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and  Af  refer  to  the  regions  with  low  and  high  density  of  radicals 
respectively.  In  the  case  of  the  neat  materials,  the  relaxation  data 
show  that  the  PET  is  a  particularly  rigid  polymer  with  long  ’H-T-! 
values  of  ca.  5  s.  In  the  case  of  the  unheated  MNS  and  CNS,  there 
are  slow  relaxing  and  fast  relaxing  components  which  correspond 
to  the  different  site  specific  dynamics  within  the  material.  A  gen¬ 
eral  trend  observed  with  the  char  is  that  as  the  pyrolysis  tempera¬ 
ture  increases,  the  values  for  the  ’H-T-i  decrease,  which  is 
consistent  with  the  development  of  radical  species  within  the 
material.  Additionally,  there  is  a  reduction  in  the  difference 
between  the  slower  relaxing  (higher  Tt  values)  and  faster  relaxing 
(lower  T]  values)  components  in  the  char  with  increasing  temper¬ 
ature.  This  reduction  is  also  consistent  with  the  increase  in  radical 
density  with  increasing  temperature.  As  the  concentration  of  the 
radicals  increases,  the  average  distance  between  the  all  the  ’H  sites 
and  the  radical  sites  decreases,  leading  to  shorter  relaxation  times 
or  lower  values  of  the  measured  T^ 

In  order  to  evaluate  the  multi-T!  relaxations  in  the  different 
materials,  it  is  convenient  to  use  the  overall  relaxation  rate  of 
Tf1  as  shown  in  Eq.  (2).  A  higher  value  of  Tf1  corresponds  to  a  fas¬ 
ter  Ti  relaxation  while  a  smaller  value  of  Tf1  corresponds  to  a 
slower  T]  relaxation.  The  values  of  the  Tt1  for  the  different  mate¬ 
rials  and  different  pyrolysis  temperatures  are  plotted  in  Fig.  1.  In 
the  case  of  the  neat  unheated  materials,  the  relaxation  studies 
show  that  the  CNS  has  a  smaller  value  of  Tf1  than  the  MNS 
(Fig.  1,  filled  squares).  This  is  consistent  with  the  structure  of  the 
CNS  which  has  more  of  the  slow  relaxing  crystalline  cellulose 
and  less  of  the  fast  relaxing  lignin  as  compared  to  the  MNS 
(Antal  et  al  2000).  In  the  untreated  materials,  the  presence  of 


Fig.  1.  Plot  of  the  overall  'H-T,  relaxation  rate  of  (a)  the  CNS-PET  blends  and  (b) 
the  MNS-PET  blends  upon  pyrolysis  at  400  °C,  450  °C  and  500  °C.  Filled  squares  are 
the  relaxation  rates  for  non  pyrolysed  room  temperature  (25  °C)  raw  materials. 
Filled  circles,  triangles  and  inverted  triangles  are  the  relaxation  rates  of  blends 
pyrolysed  to  400  °C,  450  °C  and  500  °C  respectively.  Lines  are  guides  to  the  eye. 


the  PET,  which  has  the  same  order  of  magnitude  Tr  relaxation  as 
the  biomass,  does  not  significantly  alter  the  overall  relaxation 
behaviour  of  the  blends.  As  the  blends  are  heated  to  higher  tem¬ 
peratures,  we  see  significant  differences  between  the  Tf1  of  the  dif¬ 
ferent  blend  samples.  In  the  case  of  neat  PET,  there  is  very  little 
difference  between  in  the  Tf1  up  to  450  °C  due  to  the  relatively 
minimal  degradation  of  PET  up  to  this  temperature.  Upon  heating 
to  500  °C  there  is  a  rapid  increase  in  the  Tf1,  which  is  attributed  to 
the  fast  degradation  and  radical  formation  within  the  PET.  At  the 
other  end  of  the  blend  spectrum,  in  pure  biomass  samples,  the 
MNS  char  shows  higher  Tf1  than  the  CNS  char  as  the  temperature 
increases,  with  the  greatest  difference  being  at  500  °C  (12.31  s~] 
vs.  8.63  s"1  for  the  MNS  and  CNS  respectively).  This  difference  in 
the  relaxation  rates  for  the  biomass  must  be  driven  by  the  differ¬ 
ence  in  the  lignin  content  of  these  materials  which  is  the  primary 
source  of  the  stable  free  radical  generation  within  the  char. 

It  has  been  known  that  radicals  in  lignin  tend  to  propagate  and 
then  stabilize  themselves  via  hydrogen  abstraction  reactions 
(Faravelli  et  al.,  2010).  Textural  characteristics  (porosity)  of  chars 
can  also  vary  with  the  rate  of  thermal  degradation  rate  depending 
on  the  component  composition  of  the  starting  materials.  Higher 
hemicellulose  and  cellulose  fractions  lead  to  highly  constricted 
char  with  a  high  portion  of  microporosity  (Gonzalez  et  al.,  2009). 
The  texture  characteristic  of  char  plays  a  primary  role  in  forming 
polycyclic  aromatic  hydrocarbons  (PAHs)  (Sharma  et  al.,  2004). 
Therefore,  differences  in  radical  concentration  and  behaviour  of 
radical  evolution  are  expected  from  different  types  of  biomass. 

In  the  case  of  the  copyrolysed  blends,  a  systematic  increase  in 
the  Tr1  values  with  increasing  temperature  is  observed,  which  fol¬ 
lows  the  trend  seen  in  the  biomass  char,  with  the  highest  T^1  for 
the  blends  containing  the  most  biomass  (M80P2o  and  C80P2o)-  These 
measurements  indicate  that  the  presence  high  concentration  of 
biomass  induces  the  formation  of  greater  concentration  of  free  rad¬ 
icals  within  the  char,  leading  to  the  observed  high  T^1  values.  It  is 
important  to  note  that  even  though  the  PET  char  by  itself  has  a  sig¬ 
nificantly  lower  Ti-1  value  at  500  °C  as  compared  to  the  neat  bio¬ 
mass  char,  its  presence  in  the  M80P2o  and  C80P2o  blends  does  not 
reduce  their  overall  T]_1  values.  This  is  consistent  with  the  previ¬ 
ous  13C  NMR  observations  that  the  structure  of  the  PET  char  frac¬ 
tion  in  the  blends  is  different  than  that  of  the  neat  PET  char. 

Additionally  the  sorbate  molecule  (aromatic  hydrocarbon  from 
PET)  distribution  within  the  char  from  the  biomass  is  expected  to 
be  influenced  by  the  textural  properties  of  the  biomass  char  and 
can  also  have  a  strong  influence  on  radical  stabilization.  Thus,  in 
the  case  of  the  MNS  blends,  which  is  expected  to  have  a  higher  sur¬ 
face  area  and  lower  microporosity  than  the  CNS  blends,  the  sorbate 
molecules  have  a  better  interaction  with  the  char  surface  thereby 
enhancing  the  stability  of  the  radical  species  which  leads  to  higher 
Tf1  values.  Thus  the  increase  in  concentration  of  radicals  in  bio¬ 
mass  and  PET  derived  chars  leads  to  difference  in  spin-lattice 
relaxation  rates  of  the  chars  over  various  heat  treatment  tempera¬ 
tures  at  a  specific  heating  rate. 

It  is  observed  in  Fig.  1  that  the  blends  have  increased  value  of 
Tf 1  with  increasing  fraction  of  biomass.  At  the  higher  weight  frac¬ 
tion,  i.e.  80  wt.%  biomass,  the  blend  char  has  equal  if  not  higher  Tf1 
that  the  neat  biomass  char.  This  is  particularly  evident  at  500  °C  in 
Fig.  1.  This  enhanced  relaxation  behaviour  suggests  that  there  is  a 
synergystic  effect  originating  from  the  20  wt.%  PET  in  the  blend 
sample.  The  presence  of  a  synergistic  effect  enhancing  the  T,  relax¬ 
ation  process  can  observed  by  comparing  the  T]  relaxation 
expected  for  a  mixture  of  PET  and  biomass  chars,  where  there 
is  no  interaction,  to  the  T!  relaxation  observed  for  the  actual 
co-pyrolysed  blend  samples. 

Fig.  2  shows  the  T}  relaxation  data  from  the  ’H  saturation  recov¬ 
ery  experiments  for  C80P2o  and  M80P2o  blends  at  different  temper¬ 
atures.  The  saturation  recovery  data  is  well  fitted  by  bi-exponential 
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Fig.  2.  'H  spin  lattice  relaxation  of  (a)  C80P2o  and  (b)  MsoP2o  blends  co-pyrolysed  to 
400  °C  (black  squares),  450  °C  (red  circles)  and  500  °C  (blue  triangles)  at  a  heating 
rate  of  3  °C/min.  Solid  lines  indicate  the  bi-exponential  fits  to  the  data.  Dashed  lines 
indicate  the  simulated  behaviour  of  a  80:20  wt.%  mixture  of  CNS  or  MNS  with  PET 
after  separate  pyrolysis.  Arrows  indicate  the  enhanced  relaxation  of  the  blends  as 
compared  to  the  mixtures.  (For  interpretation  of  the  references  to  colour  in  this 
figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 

curves  (represented  by  solid  lines),  which  is  consistent  with  our 
two  domain  model  for  the  distribution  of  the  radicals.  As  expected, 
the  chars  have  a  faster  saturation  recovery  (shorter  T]  or  larger 
Tf1)  with  increasing  temperature  due  to  the  increase  in  the  radical 
concentration.  The  dashed  lines  in  Fig.  2  represents  the  simulated 
T!  saturation  recovery  behaviour  of  a  80:20  mixture  of  biomass 
and  PET  chars  separately  pyrolysed  at  the  different  temperatures. 
At  the  lower  temperatures  (400  °C  and  450  °C),  the  simulated  Ti 
saturation  recovery  is  slower  than  that  of  the  actual  co-pyrolysed 
blends.  This  indicates  that  the  co-pyrolysed  blends  have  a  higher 
free  radical  concentration  than  a  similar  amount  of  separately  pyr¬ 
olysed  biomass  and  PET.  This  enhancement  in  the  free  radical  con¬ 
centration  must  be  derived  from  the  chemical  interactions 
between  the  biomass  and  the  PET,  namely  hydrogen  transfer  from 
the  PET  to  the  radicals  in  the  primary  char  from  the  biomass.  This 
interaction  implies  that  the  biomass  char  in  the  blends,  accelerates 
the  PET  degradation  and  promotes  its  conversion  to  char  while  the 
hydrogen  transfer  from  the  PET  to  the  biomass  char  stabilized  the 
radicals.  At  higher  temperature  (500  °C),  the  T!  saturation  recovery 
of  the  co-pyrolysed  blend  and  the  simulated  curves  overlap,  indi¬ 
cating  that  there  are  similar  concentrations  of  free  radicals  in  the 
separately-pyrolysed  materials  and  co-pyrolysed  blends.  This  is 
consistent  with  the  fact  that  the  neat  PET  undergoes  relatively  slow 
degradation  and  has  low  radical  concentration  up  to  450  °C,  (as 
seen  in  Fig.  1 ),  but  very  rapid  degradation  and  char  formation  at 
500  °C  which  is  accompanied  with  high  degree  of  radical  formation 
(and  concomitantly  a  high  value  of  Tf1 ).  Thus  at  the  higher  temper¬ 
ature,  we  expect  similar  concentrations  of  free  radicals  in  both  the 
separately  pyrolysed  and  co-pyrolysed  materials.  This  radical 


concentration  enhancement  at  lower  temperatures,  indicates  that 
the  synergistic  interactions  between  the  biomass  and  the  PET  are 
most  predominant  at  the  lower  pyrolysis  temperatures. 

4.  Conclusion 

Biomass-PET  co-pyrolysis  increased  the  yield  of  char  at  reduced 
temperatures.  This  increase  was  due  to  enhanced  PET  degradation 
in  blends  as  compared  to  neat  PET.  The  enhancement  was  a  result 
of  the  interactions  of  the  radicals  from  the  biomass-primary  char 
during  co-pyrolysis.  The  PET-biomass  interaction  stabilized  the 
radicals  in  the  char  thereby  increasing  the  radical  concentration 
and  PET  degradation  at  lower  temperatures.  The  radical  concentra¬ 
tion  in  the  char  the  PET  degradation  rate  could  be  controlled  by  via 
temperature  and  blending  ratio.  Optimal  conditions  for  char  for¬ 
mation  were  found  for  biomass  -  80  wt.%  and  PET  -  20  wt.% 
blends. 

Appendix  A.  Supplementary  data 

Supplementary  data  associated  with  this  article  can  be  found,  in 
the  online  version,  at  http://dx.doi.Org/10.10f6/j.biortech.2014. 
06.109. 
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